sure, hypotension (systolic arterial pressure < 100 mg Hg or 20 mm Hg less than a previously recorded baseline pressure), or a pulsus paradoxus of at least 10 mm Hg. These conditions had to be in the absence of a disease process that could otherwise account for the physical findings. In 13 patients who underwent rightheart catheterization, diastolic pressures had to be elevated to more than 10 mm Hg and equilibration (equal within a 5-mm Hg range) had to be present to establish the diagnosis of cardiac tamponade. Operative notes were specifically searched for mention of elevated intrapericardial pressure at the time of any drainage procedure. If a therapeutic procedure was performed, the clinical evidence of cardiac tamponade had to resolve if the diagnosis of cardiac tamponade was tc be substantiated.
If the diagnosis of cardiac tamponade was in dispute, either between physicians at the time of the echocardiogram or between the primary clinician and the authors at the time of chart review, the patient was classified as having equivocal tamponade. Patients with a confusing clinical picture, with evidence of hemodynamic compromise but without frank cardiac tamponade, were also classified as having equivocal tamponade.
Echocardiographic Studies
Echocardiographic recordings were made either in the supine or left lateral position from the left parasternal transducer position and, when appropriate, from the apical or subcostal transducer positions. All echocardiograms were performed using commercially available equipment. M-mode echocardiograms were performed using a 2.25-MHz transducer and recorded on a standard strip-chart recorder. Two-dimensional echocardiograms were performed using mechanical sector scanners with either a 2.25-or 3.0-MHz transducer and recorded on videotape. Real-time, slow motion, and frame-byframe analysis was carried out on a commercially available off-line system. All echocardiograms were reviewed without knowledge of the clinical data by at least two of the investigators. In the case of discordant readings the echocardiogram was reviewed and a decision was made by consensus.
Definition of Abnormal Wall Motion
Abnormal right ventricular free wall motion was defined on M-mode echocardiography as a posterior movement of the right ventricular free wall in early and mid-diastole as timed from the ECG ( fig. 2 ). Anterior motion of the right ventricular free wall occurred only in late diastole. This abnormal posterior motion had to be greater than could be explained from posterior motion of the entire heart. Right ventricular free wall motion was considered equivocally abnormal on M-mode echocardiography if the diastolic motion was flat during early and mid-diastole, exhibiting expansion only with atrial systole, or if posterior motion was preceded by a small amount of anterior motion. The two-dimensional echocardiograms were studied specifically for any alteration in the shape of the right ventricular cavity. Right ventricular wall motion was considered to be abnormal if there was an indentation of the right ventricular free wall during early diastole ( fig. 3) . The two-dimensional echocardiogram was considered equivocally abnormal if the right ventricular free wall remained flattened in early diastole and moved anteriorly only after atrial systole.
Results
The clinical status and the echocardiographic results of the patients are listed in table 1 for patients who had an M-mode echocardiographic examination and in table 2 for patients who had a two-dimensional echocardiographic examination, either with or without M-mode echocardiography.
Seventeen patients were felt to have definite clinical cardiac tamponade, 10 of whom had both M-mode and two-dimensional echocardiograms. The twodimensional echocardiograms showed abnormal right ventricular free wall motion in all 10, and the M-mode echocardiogram revealed abnormal motion in nine and an equivocal abnormality in one patient. Of the seven patients who had only an M-mode echocardiogram, four were noted to have abnormal right ventricular free wall motion, two had equivocal results and one patient had normal wall motion; this patient was later proved at cardiac catheterization to have effusive-constrictive pericardial disease in which the constrictive component was predominant.
Cardiac tamponade was clinically absent in 69 patients, four of whom were seen only as outpatients. Within this group of 69 patients, pulsus paradoxus was > 8 mm Hg in four of the 46 hospitalized patients in whom an examination for paradoxical pulse was recorded. A detailed study of the neck veins with an estimate of the central venous pressure was recorded in only 23 of the hospitalized patients; in the remainder, the jugular veins were either normal or not mentioned in the clinical record. Definite jugular venous distention was noted in six patients, none of whom had any other evidence of cardiac tamponade. Right-heart catheterization was performed in 11 of the 69 patients without clinical cardiac tamponade, including three with an abnormal pulsus paradoxus; hemodynamic data were not consistent with cardiac tamponade in any of these 11 patients. Only two of these 69 patients died and none underwent a pericardial drainage procedure other than for diagnostic purposes. In these 69 patients without clinical evidence of cardiac tamponade, the echocardiograms revealed normal wall motion in 59 patients and only an equivocal abnormality in an additional three patients. In seven patients who had abnormal right ventricular free wall motion on M-mode or two-dimensional echocardiography, the diagnosis of cardiac tamponade could not be substantiated. Of these seven patients, in two the effusion resolved, two patients died and three patients were discharged with persistent effusions.
Five patients were felt to have equivocal clinical evidence of cardiac tamponade, and in four of these ab- normal right ventricular free wall motion was noted. These patients had confusing clinical pictures with labile blood pressures and varying degrees of pulsus paradoxus. Two patients had clinical syndromes characterized by repeated episodes of hypotension after renal dialysis, which resolved after drainage of their effusions. Two patients had idiopathic pericarditis and pulsus paradoxus that varied from 0 to 20 mm Hg over their hospital courses. The final patient had a pulsus paradoxus of 8-10 mm Hg, hypotension and death from gastrointestinal bleeding. Both M-mode and two-dimensional echocardiography were performed in 36 patients, and in 32 the results of the two examinations were in concurrence. In each case in which the two examinations were not in concurrence the clinical status was best predicted by the results of the two-dimensional echocardiogram.
Two-dimensional echocardiography confirmed that the posterior motion of the right ventricular free wall in diastole represented a true collapse of the right ventricle, resulting in a distortion in the shape of the right ventricle, and not merely posterior displacement of the entire heart. In this study population, the aortic valve was noted to be closed at a point corresponding to the end of the T wave on the ECG and usually at a point earlier than this, near the apex of the T wave. In all cases, the abnormal posterior motion of the right ventricular free wall occurred at or after the E point of the mitral valve. The right ventricular free wall moved anteriorly only in late diastole. Because of tachycardia, the E and A points of the mitral valve were frequently indistinct. In five patients, however, the E and A points could be clearly separated. In these patients, the right ventricle could be seen to collapse with the E point and expand with the A point of the mitral valve, suggesting filling only with atrial systole ( figs. 2 and 3 ). In patients with two-dimensional echocardiograms, the collapse was most pronounced in the right ventricular outflow tract as viewed in the parasternal long-axis projection. Diastolic collapse of the right ventricle was also noted in five patients in the short-axis view at the base of the heart ( fig. 4 ) and in the apical four-chamber view in one patient. Eight patients had cyclic variation in the degree of right ventricular free wall collapse, suggestive of a respiratory influence.
A drainage procedure was performed in 16 of 17 patients with clinical cardiac tamponade. In 13 patients, repeat echocardiographic studies were performed within 48 hours of the drainage procedure, the majority within 2 hours. In all cases with abnormal right ventricular free wall motion, the wall motion abnormality reverted to normal after a successful drainage procedure and resolution of the signs and symptoms of cardiac tamponade.
Discussion
Echocardiography is a sensitive technique for evaluating patients with pericardial effusions. Unfortunately, less success has been obtained in assessing the hemodynamic significance of an effusion with reference to the presence or absence of cardiac tam- ponade. Other investigators have noted a decrease in the size of the right ventricle throughout the cardiac cycle,3 but this sign only has significance with serial examinations.6 Early diastolic collapse of the right ventricle may be a more reliable echocardiographic indicator of hemodynamic compromise associated with a pericardial effusion than previously described echocardiographic signs.
As this sign was positive in all patients with clinical cardiac tamponade with the exception of one patient with predominantly constrictive pericardial disease, we feel that it is a sensitive indicator of the presence of a hemodynamically significant pericardial effusion. The detection of abnormal wall motion in our patients with even equivocal cardiac tamponade is in concurrence with the report of Shiina et al.,8 in which the sign was felt to be an indicator of early tamponade that could be detected before the development of the clinical signs of cardiac tamponade.
We identified seven patients with abnormal right ventricular wall motion in whom the clinical diagnosis of cardiac tamponade could not be substantiated. In the two patients who died, as well as in an additional patient with volume depletion, the hemodynamic significance of the effusion may not have been recognized at the time of diagnosis.
The concurrent two-dimensional echocardiographic studies confirmed that this abnormal motion represents a collapse of a portion of the right ventricle or right ventricular outflow tract in early diastole and not simply posterior displacement of the heart within the pericardial space. The motion pattern of the right ventricular free wall also suggests that in the presence of a hemodynamically significant pericardial effusion, filling of the right ventricle occurs predominantly with atrial systole. These echocardiographic findings are supported by experimental data.
Cardiac tamponade is the hemodynamic consequence of an increase in intrapericardial pressure that equals or exceeds the normal filling pressure of the right and left ventricles. As a result, the pressure differential that usually promotes right ventricular filling is lost and cardiac output and blood pressure decline.9' 10 Early work by Fowler et al."1 in experimentally induced cardiac tamponade demonstrated that intrapericardial pressure exceeded the right ventricular pressure in early diastole. The preservation of the X descent and attenuation of the Y descent in the atrial pressure tracing recorded in cardiac tamponade support the argument that ventricular filling is monophasic in cardiac tamponade, occurring only with atrial systole. " We propose that a combination of factors contributes to the abnormal right ventricular free wall motion noted in patients with cardiac tamponade. First, the pericardium, in the presence of a sufficiently large and hemodynamically significant effusion, becomes a tense and relatively nondistensible structure filled with a noncompressible fluid. Second, intrapericardial pressure equals right ventricular pressure throughout most of diastole, and as a result, compression of the right ventricle occurs. Third, intrapericardial pressure briefly exceeds right ventricular pressure in early diastole, resulting in a transient collapse of the right ventricular free wall. Only with atrial systole is filling pressure increased adequately and expansion of the right ventricular cavity allowed to occur. Diastolic filling of the left ventricle is relatively less impeded, probably because of the resistance to collapse conferred by the thicker left ventricular wall,'3 and perhaps is augmented by an active component to ventricular diastole and left ventricular filling,'4' 13 which is capable of preserving left ventricular geometry in the presence of elevated intrapericardial pressure.
Several predictions can be made from the hemodynamic studies of experimentally induced tamponade and our observations. First, there will be a variation in the amount of right ventricular free wall posterior motion with the respiratory cycle due to variations in right ventricular filling with respiration. Eight patients in our series showed marked variation in the degree of right ventricular free wall collapse. Second, the most collapsible area of the right ventricle will demonstrate this abnormality. In all of the twodimensional echocardiograms that we reviewed, the abnormal wall motion was most prominent in the right ventricular outflow tract and was noted only rarely in the body of the right ventricle, which would be expected to be less compressible. Abnormal right ventricular free wall motion theoretically will become evident early in cardiac tamponade before marked elevation of the intrapericardial pressure occurs and will also be present in cases of "low-pressure cardiac tamponade."'6 As this sign was positive even in cases of equivocal tamponade, we feel this last prediction is accurate. The report by Shiina et al.,8 in which the sign was present in patients with "impending tamponade," is also in concurrence with this prediction. In the only patient with a significant constrictive component to her pericardial disease, the constrictive process may have altered the diastolic compliance and filling pattern of the ventricles and thus prevented abnormal right ventricular free wall motion from occurring.
We conclude that abnormal posterior motion of the right ventricular free wall in diastole represents a true collapse of the right ventricle in early diastole and may be a sensitive indicator of the presence of a hemodynamically significant pericardial effusion, and indicates that intrapericardial pressure is elevated, and approaches or exceeds the filling pressure of the right ventricle. In this situation, further increases in the amount of pericardial effusion, and thus of intrapericardial pressure, may lead to cardiac tamponade. Although this echocardiographic sign may occur in patients who do not have clinical cardiac tamponade, the presence of normal right ventricular free wall motion in patients with moderate-to-large pericardial effusions is a strong indicator that the effusion is not hemodynamically significant, and that in the absence of a significant change in the amount of pericardial fluid, cardiac tamponade is unlikely to develop.
